Many biological invasions do not occur as a gradual expansion along a continuous front, but result from the expansion of satellite populations that become established at 'invasion hubs'. Although theoretical studies indicate that targeting control efforts at invasion hubs can effectively contain the spread of invasions, few studies have demonstrated this in practice. In arid landscapes worldwide, humans have increased the availability of surface water by creating artificial water points (AWPs) such as troughs and dams for livestock. By experimentally excluding invasive cane toads (Bufo marinus) from AWP, we show that AWP provide a resource subsidy for non-arid-adapted toads and serve as dry season refuges and thus invasion hubs for cane toads in arid Australia. Using data on the distribution of permanent water in arid Australia and the dispersal potential of toads, we predict that systematically excluding toads from AWP would reduce the area of arid Australia across which toads are predicted to disperse and colonize under average climatic conditions by 38 per cent from 2 242 000 to 1 385 000 km 2 . Our study shows how human modification of hydrological regimes can create a network of invasion hubs that facilitates a biological invasion, and confirms that targeted control at invasion hubs can reduce landscape connectivity to contain the spread of an invasive vertebrate.
INTRODUCTION
Over the last 500 years, human activities have greatly increased the rate at which animal species are translocated around the Earth [1] . Following their introduction to new environments, invasive species often thrive in the absence of population regulation by predators, parasites and diseases with which they have coevolved, and may undergo rapid range expansions. The subsequent disruption to ecological processes caused by the novel interactions of invasive species has been identified as one of the most serious threats to biodiversity at a global scale [2] .
Reducing the economic and ecological impacts of invasive species is a key goal of invasive species management, but requires an understanding of factors that influence the population growth, spread and distribution of invaders. One critical step for managers is to identify the pathways through which invasive species spread [1] . Landscape structure, connectivity and the presence of dispersal corridors can all influence the spread of invasive species. Many biological invasions do not occur as gradual expansion along a continuous front, but result from the expansion of satellite populations that become established at 'invasion hubs' [3, 4] . Invasion hubs can result from random dispersal events, or they may occur in habitat patches preferred by the invader or at locations where individuals are directed during the process of dispersal [1, 5] . Once invasion hubs are identified, targeted control efforts at such sites can be an effective way of containing the spread of the invader [6, 7] . Although the theoretical significance of biological invasions occurring via invasion hubs has long been recognized [5, 7, 8] , few studies have demonstrated functioning invasion hubs [9, 10] .
In arid regions, the ability of people to capture and redistribute scarce water has been a key driver of economic growth. However, because water is a limiting resource in arid environments, the modification of hydrological regimes (damming of rivers, depletion of groundwater, and provision of surface water in previously waterless areas) can dramatically alter ecosystems and has facilitated the establishment and spread of non-aridadapted invasive species [11 -15] . Livestock grazing is an important economic activity in arid lands, but is constrained by the scarcity of surface water because horses, cattle, sheep and goats must drink regularly. To increase the livestock carrying capacity of arid rangelands, pastoralists have created artificial water points (AWPs) where water is provided to animals via troughs or dams [11, 16] .
By providing a reliable water source, AWPs subsidize wildlife with an essential resource for their metabolic homeostasis, growth and reproductive success, and allow 'water-dependent' animal species to persist in numbers that would not otherwise be attainable. For example, the provision of AWPs in arid environments has been linked to range expansions and/or population increases of water birds and wild herbivorous mammals that must drink [16, 17] and has provided previously unavailable habitat for aquatic organisms [18, 19] . Thus, AWPs can influence how arid ecosystems function by facilitating the trophic and competitive interactions of species that need to access water to survive [20, 21] .
Here, we examine how the redistribution of water in a semi-arid landscape can provide a resource subsidy and subsequently influence the survival and distribution of an invasive species. Our study area was situated in the Victoria River District of the Northern Territory, Australia (electronic supplementary material, figure S1 ). This semi-arid region has a vast network of bore-holes that supply water to small earthen tanks that in turn supply water to cattle-drinking troughs (electronic supplementary material, figure S2a). The region is currently being invaded by the cane toad (Bufo marinus), a large anuran from tropical America that is toxic to endemic Australian predators [22, 23] . Cane toads lack physiological adaptations to aridity and we tested the hypothesis that AWPs function as invasion hubs for toads by providing them with access to water during the extreme aridity of the dry season. We experimentally fenced AWPs to test our predictions that: (i) cane toads require access to AWPs to survive; (ii) exclusion of toads from water in combination with hand collection of toads confined by fences is an effective way of reducing their populations; and (iii) that the movements of toads are focal around water. Finally, we evaluated the usefulness of excluding toads from AWPs by mapping the distribution of permanent waters in the predicted range of toads across the arid regions of Australia and simulating the extent to which the exclusion of toads from AWPs could reduce the availability of dry season refuge sites for toads and the area over which they are likely to disperse and colonize.
METHODS

(a) Study species
The cane toad B. marinus has spread through more than a million square kilometres of Australia since its introduction to Queensland in 1935 [24] . This spread resulted from both range expansion overland and along watercourses [25] and from inadvertent human-assisted dispersal [26] . Unlike most native Australian desert-dwelling frogs, which possess physiological adaptations (cocoon formation, aestivation, reduced metabolic rate) to survive long dry periods [27, 28] , cane toads cannot physiologically control evaporative water loss through their skin [29] . Thus, toads are susceptible to dehydration throughout their life cycle, but become increasingly resistant to dehydration as their body size increases owing to a decrease in their surface area to volume ratio [29, 30] . To combat dehydration, adult cane toads are active nocturnally and during the daytime they select moist cool microhabitats as shelter sites [29, 31] . The arid regions of northern Australia are characterized by distinct wet and dry seasons, with almost all annual rainfall occurring within a brief wet season (December -March). During the dry season, high desiccation rates and limited moisture availability could conceivably restrict cane toads to microhabitats near standing water.
Cane toads are highly toxic, and possess bufogenins which are absent in native Australian frogs [22] . Consequently, most endemic Australian predators lack physiological resistance to bufotoxins [22] , and mammalian and reptilian predators can die after attacking or ingesting cane toads [32] . In northern Australia, populations of frog-eating reptiles have declined dramatically in areas invaded by cane toads [33, 34] . The cane toad has recently expanded its range into semi-arid regions of the continent, where it poses a serious threat to carnivorous reptiles [34] . Since the 1980s, considerable effort has been expended on developing biological control techniques to reduce toad numbers and hence impacts, however, efforts to date have had little success [35] . In most years, no rain falls between April and September, and most stream flow occurs during the wet season (December -March) when monsoonal rains bring more than 80 per cent of the annual precipitation. During the late dry season (September -November), the only sources of natural water are disconnected pools, separated by exposed sand or rock bars in major drainage channels and a small number of permanent natural springs. Discussions with landholders and examination of rainfall records (Australian Bureau of Meteorology) indicated that no rain fell in the study area between 2 March 2009 and the study period in September -November 2009.
Commercial cattle grazing has been conducted throughout the study area since the late nineteenth century. Water is a limiting resource for grazing livestock in this hot semiarid region. To increase the amount of grazing land available for cattle, pastoralists have established an AWPs at intervals of 5 -10 km throughout the landscape.
(c) Fencing experiment We experimentally fenced AWPs during the late dry season to determine if cane toads are dependent on AWPs for survival in this seasonally arid landscape. The purpose of the fences was twofold. The fences prevented toads that were sheltering in AWPs from leaving and thus facilitated collection of these individuals by hand. The fences also prevented toads that were sheltering away from the AWP from accessing the water. If toads require access to AWPs to survive, we would expect that survival of toads would be greater at sites where toads had access to water. If hand collection and exclusion of toads from water is an effective way of reducing their populations, we would expect that population declines following the implementation of the fences would be greater at fenced AWPs than sites where toads were able to freely Desert toads' Achilles' heel D. Florance et al. 2901 access and leave the water. The study was located at nine AWPs (electronic supplementary material, figure S1b). In each case, AWPs were located more than 4 km from the nearest other source of permanent water. There were three treatments: fenced, unfenced controls and procedural controls, with three replicate AWPs per treatment. Treatments were interspersed to account for any spatial heterogeneity.
We constructed fences made of shade-cloth material, wire and metal posts 2-5 m from the water's edge along the flat crest of the AWP (electronic supplementary material, figure S2b). The fences were 600 mm high, to prevent toads from jumping over, and had a soil-covered flange of shade-cloth extending 400 mm outwards along the ground to prevent toads from burrowing beneath the fence. We constructed procedural control fences in the same fashion, but raised the shade-cloth 100 mm above the ground so that toads could access water (electronic supplementary material, figure S2c).
Once fences were established, we removed toads by hand from inside the fence at the fenced treatments and euthanazed them. Each morning we recorded the number of dead toads on the outside of exclusion fences that died while attempting to gain access to the water. Toads were left undisturbed at the unfenced control and procedural control AWPs.
(d) Toad survival We used radio telemetry to monitor the short-term (72 h) survival of cane toads at fenced, unfenced control and procedural control AWPs. At each AWP, we captured adult cane toads (.90 mm snout urostyle length (SUL) of both sexes 8 -10 h after fence installation at night between 20.00 and 22.00 h). All toads were captured within 2 m of water. We then recorded their sex, mass and SUL. We fitted radio-transmitters (Sirtrack, New Zealand, 3.5 g mass) to the toads with a metal chain-link waistband [36] . To ensure that toads were well hydrated prior to release, they were placed in a bucket of water for 20 min. The toads were released approximately 30 min after capture outside of the fences, or 5 m from water in the case of the unfenced controls and procedural control treatments. We released six to seven toads at each of the nine experimental AWPs (total: n ¼ 19 unfenced AWP; n ¼ 20 procedural fence AWP; n ¼ 21 fenced AWP). Each morning following release, we located toads to determine their fate (alive, dead or eaten by a predator). To avoid undue distress to the toads, the animals were not disturbed during tracking. We recorded the mass of toads that died at the fenced dams and the telemetered toads that survived the 72 h tracking period at unfenced and procedural control AWPs.
(e) Toad abundance surveys We conducted nocturnal strip-surveys using handheld 12 V spotlights with 25 W halogen bulbs at each AWP to measure the abundance of toads along 4 Â 150 m strip transects (n ¼ 4 per AWP) radiating away from the water's edge. All AWPs were surveyed 6 and 3 days prior to fence erection and 1, 3, 6, 12, 20 and 70 days after fence installation. To evaluate if fencing had adverse impacts on native fauna, we recorded the number and species of native fauna found dead on the inside and outside of fences.
(f) The movements and shelter sites of toads We used telemetry to examine the movement patterns and identify the diurnal shelter sites of 20 toads at an unfenced control AWP after the cessation of the survival study. These toads were individuals that were not tracked in the survival study. The procedure for fitting transmitters was identical to that described in §2c. The location of tracked toads was determined over 12 days both during the day and at night. Toads were not disturbed during tracking. For each shelter site identified, we recorded the habitat type and distance to water (m) using a GPS.
(g) Predicting the broadscale effects of excluding toads from artificial water point We used information on the potential range of cane toads in Australia [37] , their movement potential and the distribution of permanent natural waters and AWPs to quantify the extent to which the exclusion of toads from AWPs could reduce the number of dry season refuge sites for cane toads and the area over which they are likely to disperse and colonize. We restricted our analyses to areas receiving less than 700 mm annual rainfall because it is in these drier areas where permanent waters are likely to function as invasion hubs for toads by providing them with dry season refuges (see §3). A fundamental assumption of our models was that toads cannot survive without access to water during the dry season and thus must disperse from refuge sites that have permanent water (see §3).
We determined the distribution of potential dry season refuges for toads by mapping all permanent water features within the potential range of toads from data published by the Australian Government (AUSLIG mapping data, http://www.ga.gov.au/mapspecs/250k100k/appendix_a.jsp) in a geographical information system (ArcGIS 9.0). The movement potential of toads is likely to vary geographically owing to physiological constraints imposed by climatic variables [37] . To account for this, we modelled the potential dispersal ability of toads using a model in which the distance that toads were able to move each month was a function of toads' estimated body temperature, curtailed by a spatial dataset on the number of rainy days per month ( [37] ; see Methods for calculating toad dispersal potential in the electronic supplementary material). Rain days were defined as days that received more than 0.2 mm of rainfall. The inter-annual intensity and frequency of rainfall events in Australia is highly variable owing to the influence of coupled oceanic/ atmospheric circulation systems, the El Niñ o Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD), on the continent's climate [38] . Because of this variability, we simulated the movement potential of toads based on the mean annual number of rain days and also the number of rain days from an unusually wet year (2000) when the dispersal potential of toads was likely to be enhanced. Assuming that each permanent water feature could serve as a dry season refuge for cane toads and that toads could disperse in any direction, we used the buffer wizard of ArcGIS 9.0 to map the physiologically constrained distance that cane toads could potentially disperse from permanent natural water and AWPs (electronic supplementary material, figure S3a,b). We then mapped the connectivity of the landscape for colonizing toads by halving the dispersal distance around each refuge, assuming that toads would only be able to successfully disperse between patches that were spaced at a distance equal to or less than the annual dispersal potential of toads. These predictions assumed that toads experienced the monthly mean temperature, wind speed and cloud cover conditions but high humidity (90%) and hence minimal evaporative cooling. Because rainy nights are often cooler than average and we did not adjust for the dilution of propagules that could be expected to occur with increasing distance from refuges, our predicted distances are likely to be overestimates. We simulated the effect of excluding toads from AWPs by overlaying the predicted dispersal area of toads from permanent natural waters on that from AWP, and then subtracting the area that AWP add to the potential dispersal area of toads from the total area of both layers combined. We conducted these simulations for the average number of rain days per year and the actual number of rain days in a wet year associated with the La Niñ a phase of ENSO.
(h) Statistical analyses We compared the survival of radio-tracked toads between each treatment using the product-limit method or KaplanMeier estimator (JMP 5.0.1 SAS Institute Inc.). To test the effect of fencing on toad density with time, we used a before-after control-impact (BACI) analysis of variance design with time as a repeated measure. Data were log-transformed (log þ 1) to reduce variances and correct a skewed distribution [39] . Parametric test assumptions (normality and homogeneity of variances) were evaluated by checking residual plots. Planned pairwise contrasts (n ¼ 12 contrasts) investigated differences between treatment means in four time periods: 6 and 3 days before fence installation; 1 and 3 days after fence installation; 6 and 12 days after fence installation; and 20 and 70 days after fence installation. Because of the large number of post hoc tests, a sequential Bonferonni adjustment was applied to reduce the significance levels for the pairwise contrasts [39] . Contrasts were deemed statistically significant at p 0.005. We tested the hypothesis that individual cane toads were more likely to be located in the water both during the day and night using Cochran's Q test [40] .
RESULTS (a)
The effect of fencing on toad survival Radio-tagged toads had lower survival at fenced AWPs than at unfenced control or procedural control AWPs (x 2 ¼ 64.5, d.f. ¼ 3, p , 0.0001; figure 1 ). All 21 radiotracked toads at fenced AWPs died within 72 h of release (figure 1). Of the 20 toads radio-tracked at unfenced control AWPs, 19 survived the 72 h tracking period, while one toad was killed by a predatory bird 48 -60 h after release. All 19 toads monitored at procedural control AWPs survived the 72 h tracking period.
(b) Mass loss of telemetered toads
Over the course of radio-tracking, telemetered toads at fenced AWPs lost more body mass (mean + s.e. ¼ 46% + 2.9) than toads at unfenced control (3.2% + 1.1 body mass loss) or procedural control AWP (0.8% + 1.7 body mass gain) (F ¼ 151.0, d.f. ¼ 2, 51, p , 0.0001).
(c) The number of toads removed and the effect of fencing on toad abundance A total of 2016 toads were removed from the three fenced AWPs (table 1). The relative frequency of toads removed from inside and outside of the fences differed between AWPs (table 1; x 2 ¼ 840.6, d.f. ¼ 2, p , 0.001). There was no difference in toad abundance prior to fence installation (figure 2; electronic supplementary material, tables S1 and S2). The abundance of toads at fenced AWPs declined with time since fence installation (figure 2) but varied little at unfenced control or procedural control AWPs (figure 2). No toads were observed on transects conducted at fenced AWPs between 6 and 70 days after fence installation. In contrast, toads were observed on all surveys conducted at unfenced control and procedural control AWPs. Over the course of the study, 16 dead anurans (Litoria inermis) and one lizard (Ctenotus sp.) were found along the outside perimeter at fenced AWPs.
(d) The movements and shelter sites of toads Toads were not restricted to the unfenced control AWPs but their movements were focal around it. We obtained 128 fixes of 19 individual toads over the 12 day tracking period. Toads were located in the water or within 0.5 m of the water for 65 per cent of fixes (59% of diurnal and 41% of nocturnal fixes), but were no more likely to be located in the water than away from the water during the day (Cochran's Q test,
All tracked toads were located in the water on at least one occasion during the tracking period. Toads were also located in diurnal shelter sites up to 410 m from the AWP, such as soil cracks (29% of all fixes) and logs (6% of all fixes), frequently with other toads. figure 3 ). Our model suggested that toad exclusion would be more effective during dry years. Under unusually wet conditions, the area available for dispersal and colonization by toads increased to 2 598 000 km 2 , and simulated exclusion from AWP would reduce the area available for dispersal by toads by 23 per cent to 1 993 000 km 2 (electronic supplementary material, figure S4 ).
Mapping indicated three key regions where dry season refuges are naturally sparse and the presence of AWPs provides potential corridors for cane toad dispersal or substantially increase the connectivity of the landscape for toads (figure 3a-c). Our modelling indicates that exclusion of toads at just 40 -50 key AWPs could halt invasion from the Kimberly region to the Pilbara region (figure 3a).
DISCUSSION (a)
The effects of excluding toads from artificial water point Cane toads at AWPs required access to standing water for survival during the late dry season and their movements were focal around water. Correspondingly, our failure to detect toads between 6 and 70 days after fence installation suggests that we eradicated toads from fenced AWPs and their immediate vicinity. Collectively, these results provide evidence that sites with permanent water serve as dry season refuges for toads and thus act as invasion hubs. Because toads must have access to water during the late dry season, the likely process of invasion in our study area has been gradual range expansion through dispersal from dry season refuges in the wet season following rainfall events. According to this patchy population model (sensu [41] ), water becomes a limiting resource for toads during the dry season and their distribution contracts to the immediate vicinity of sites with permanent water from which individuals can disperse during the next wet season. Presumably, toads that have not located permanent sources of water by the start of the dry season die from dehydration.
Potentially, toad absence at fenced AWPs could have occurred if toads that were excluded from the water had selected suitable microhabitats (e.g. deep soil cracks) which prevented dehydration and allowed them to survive the observation period without being detected in our surveys [31] . However, we contend that this scenario was unlikely to occur for several reasons. First, toads excluded from AWPs lost on average 46 per cent of their body mass compared to negligible changes in body mass among toads from unfenced AWPs. Presumably, this loss of body mass observed in toads from fenced AWPs was due to dehydration. A previous study has shown that toads are likely to experience fatal dehydration if they lose more than 40 per cent of their body mass [23] . Second, all but one of the toads excluded from AWPs died within 12 h of release and the only individual that survived more than 12 h died within 72 h. In contrast, only one individual at a non-fenced AWP died, due to predation by a bird. Third, although radio-tracked toads at an unfenced dam moved and sheltered in deep cracks away from the AWP, all of the individuals were observed in the water during the tracking period. Together, these results suggest that in the late dry season, cane toads were restricted to the immediate vicinity of sites where standing water was available to avoid dehydration. A similar pattern of water dependency has been documented for adult cane toads during the dry season in the more mesic environments of the wet-dry tropics of Queensland, Australia [29, 42] .
The massive reduction in toad density following fence installation demonstrates that fencing combined with hand collection can reduce toad numbers around AWPs during the late dry season. The number of dead toads on the outside of fences also decreased with time since fence installation, suggesting that toad densities were reduced as a result of mortality. Moreover, it is likely that any toads that attempted to move to alternative water sources located several kilometres away under the hot and dry climatic conditions prevalent at the time of the study would have died from dehydration.
We recorded negligible mortality of small native anurans at fenced AWPs. In addition, birds, large pythons and large mammals such as dingoes and kangaroos were able to move over the fences unimpeded (authors, September-October 2009, personal observations). Thus, the results show that fencing effectively reduced toad numbers, yet had minimal negative impact on native fauna. 'Wildlife gates' constructed of a mesh size able to be traversed by small native anurans, but not by adult toads, could be incorporated into fences to ameliorate any negative impacts. Metamorph or juvenile toads were not observed at the AWPs, so it appears that the inclusion of wildlife gates would not reduce the effectiveness of the fences as barriers to toads in the late dry season.
(b) Artificial waters as invasion hubs for toads The spatial configuration of landscapes can be an important influence on the dispersal of invasive species [4, 43] . For example, the presence of suitable habitat corridors can focus the movements and dispersal of invaders into some habitats, but not others [1, 36] . Likewise, the presence of isolated patches of particularly favourable habitat for invaders, or barriers that prevent successful dispersal can result in invasive species having spatially structured populations [44] . The establishment and subsequent expansion of small satellite populations may allow invaders to colonize new areas faster than through gradual expansion of a larger contiguous population [7] . Both theoretical and field studies indicate that concentrating control efforts on satellite populations, rather than on large focal populations, can be an effective strategy to reduce the rate of spread of invasive plant species [6, 7, 45, 46] . Our study shows that modification of hydrological regimes by humans can create a network of invasion hubs and that targeted control at invasion hubs can be an effective way to contain the spread of an invasive vertebrate. The presence of AWPs has substantially increased the availability of standing water and spatial distribution of water in the rangelands of Australia and other arid regions of the Earth [11, 18, 47] . In Australia, the proliferation of AWPs over the last 150 years has generated a landscape where few places are now more than 10 km from water across the approximately 70 per cent of the continent that is used for livestock grazing [16] . Prior to European settlement, surface water was comparatively rare in this low rainfall region and normally occurred only in the channels of major rivers and isolated springs, and was only widespread for brief periods following large rainfall events [47] .
By providing a resource subsidy for toads in the dry season, AWPs increase the number of refuges available for adult cane toads, and the connectivity of arid landscapes for toads and potentially other non-arid-adapted wildlife ( figure 3; [16] ). AWPs probably serve as 'stepping stones' that have facilitated the invasion of cane toads into naturally waterless landscapes where without AWPs toads would be unable to reach or persist owing to scarcity of water. By increasing the number of dry season refuges, AWPs also elevate the regional toad population and may be expected to exacerbate the ecological impacts of toads (e.g. [33] ) by increasing their encounter rates with terrestrial predators.
Our experiment shows that excluding adult toads from water coupled with the hand collection of toads confined within the fences can be an effective method for Figure 3 . The area available (blue and orange) for dispersal and colonization by toads surrounding potential dry season refuges (sources of permanent water) within the predicted range of cane toads (grey) that receives less than 700 mm of annual rainfall. The orange area indicates the area that our simulation exercise identified could be made unavailable for toads by excluding them from AWPs. The model assumes that each permanent water source could serve as a dry season refuge for toads and that they disperse from such refuges during periods of rain. The annual dispersal potential around water sources has been weighted to reflect the physiological constraints imposed on the movement potential of toads by climatic variables (after [37] ). The connectivity of the landscape for toads has been modelled by halving the annual dispersal potential around each refuge, assuming that toads would only be able to successfully disperse between water sources, and thus colonize dry season refuges that were spaced at a distance equal to or less than the annual dispersal potential of toads. The black dots indicate known locality records for toads in 2010. Blue colour, indicates natural water; orange colour, indicates artificial water; grey colour, indicates potential range and black dots, indicate current range.
Desert toads' Achilles' heel D. Florance et al. 2905 controlling satellite populations at isolated AWPs. Fencing is not the only technique available to exclude toads from AWP. An equivalent approach would be to replace earthen tanks with above-ground plastic tanks that do not allow toads access to water. Despite the success of our exclusion fences, the considerable dispersal potential of toads and the presence of natural waterholes situated on major catchment drainage lines poses a major problem for toad-control programmes. During extended periods of wet weather, toads are likely to re-invade 'treated' dry season refuges from untreated sites and, if they have access to water, re-establish refuge populations. The dispersal abilities of cane toads are evidenced by studies from the wet-dry tropics of Australia, which show that toads move as far as 1 km in a single night and 50 km in a calendar year [25] . No data are available on the annual movements of individual toads in semi-arid Australia. In our semi-arid Victoria River study area, cane toads have colonized AWPs located up to 9.5 km from the nearest source of permanent water (M.L. personal observation). Natural waterholes situated on major drainage lines also function as dry season refuges for toads. Many of these sites are not amenable to fencing because of the length of the waterholes and complexity of their vegetation, and are far too large for hand collection of toads to be feasible. Thus, where they occur, natural waterholes in arid areas will probably be an ever-present source of toads which can then invade surrounding landscapes.
Nevertheless, if toad exclusion devices (e.g. fences, plastic tanks) were strategically established at adjacent AWPs so that the distance between suitable habitat patches was greater than the 'wet-season' dispersal potential of toads, it may be possible to suppress toad populations and prevent their overland spread across vast areas of arid Australia (figure 3). Such a strategy is likely to be particularly effective in regions where natural waterholes are scarce. Our modelling exercise shows that there are several key areas in Australia where excluding toads from AWPs could prevent their overland spread (figure 3a-c). These areas occur in arid and semi-arid rangelands where natural waters are few and the proliferation of AWPs has increased the connectivity of the landscape for toads.
Rainfall variability will be a key issue affecting the ability to manage toads using water exclusion. Toads' dispersal abilities are enhanced during periods of 'wet' climatic conditions that can be expected during the La Niñ a phase of ENSO and negative phase of the IOD [38] . During these periods, the capacity to contain the spread of toads using water exclusion would be reduced in comparison with 'average' climatic years, but is likely to remain effective over large areas (electronic supplementary material, figure S4 ). Moreover, if toads did disperse into areas distant from permanent natural water during unusually wet periods, populations isolated during the inevitable drying out of the landscape would be vulnerable to both dehydration and physical control.
Most research on methods to control cane toads has focused on identifying and developing biological control agents; all have been unsuccessful to date [35] . A growing body of research now indicates that toad populations and impacts can in some areas be managed using physical control and by manipulating the behaviour of predators that attack toads ( [48, 49] ; this study). While we do not propose water exclusion as a 'silver bullet' for toad control, our study shows that exclusion of toads from AWPs can effectively reduce toad numbers and could prevent their overland spread in arid regions.
CONCLUSION
Understanding the spatial dynamics of invasions can provide key insights into the development of strategic approaches to control invasive species. In arid regions of Australia, human modification of hydrological regimes has created a network of invasion hubs in to which invasive cane toads require access in order to survive through dry seasons. Excluding cane toads from AWPs can effectively reduce their local populations, and if conducted strategically at a large spatial scale, has the potential to prevent toads from using AWPs as 'stepping stones' into arid Australia.
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